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Asymmetric supercapacitorNanocrystallites of three mixed ternary transition metal ferrite (MTTMF) were prepared by a facile sol–
gel method and adopted as electrode material for supercapacitors. The phase development of the samples
was determined using Fourier transform infrared (FT-IR) and thermal gravimetric analysis (TG). X-ray
diffraction (XRD) analysis revealed the formation of a single-phase spinel ferrite in CuCoFe2O4 (CuCoF),
NiCoFe2O4 (NiCoF) and NiCuFe2O4 (NiCuF). The surface characteristics and elemental composition of
the nanocomposites have been studied by means of field emission scanning electron microscopy
(FESEM), as well as energy dispersive spectroscopy (EDS). The electrochemical performance of the nano-
materials was evaluated using a two-electrode configuration by cyclic voltammetry, electrochemical
impedance spectroscopy and galvanostatic technique in 1 M KOH electrolyte and was found to be in
the order of: CuCoF > NiCoF > NiCuF. A maximum specific capacitance of 221 Fg1 was obtained with
CuCoF at a scan rate of 5 mV s1. In addition to an excellent cycling stability, an energy density of
7.9 kW kg1 was obtained at a current density of 1 Ag1. The high electrochemical performance of the
MTTMF nanocomposites obtained indicates that these materials are promising electrodes for
supercapacitors.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Electrochemical supercapacitors demonstrate promising poten-
tial in the field of energy storage due to their immense power den-
sity, excellent reversibility and high cycling stability [1,2].
Supercapacitors are able to provide high power and long cycle life
in hybrid electric vehicles and uninterrupted power supplies [3].
Therefore, exploring new materials as potential supercapacitor
electrodes is crucial in order to meet the requirements of high
power density and long durability in the field of energy storage.
Depending on the type of energy storage mechanism, supercapac-
itors can be classified into electrochemical capacitors (whereby the
energy storage mechanism is based on electrochemical double
layer consisting of carbon electrodes) and pseudocapacitors (which
employ transition metal oxides or conducting polymers as elec-
trode materials) [4–6].
Transition metal oxides are promising electrode materials for
electrochemical supercapacitors. In general, transition metal oxi-
des make use of fast and reversible faradaic redox reactions (pseu-
docapacitance) that involve ions and electrons in their chargestorage mechanism. Various transition metal oxides such as ZnO,
NiO, Co3O4, Fe2O3, RuO2, MnO2 and V2O5 have been investigated
as active electrode materials for energy storage [7–14]. The expen-
siveness and high toxicity of RuO2-based supercapacitors hinder its
commercial application, while the relatively low specific capaci-
tance as well as low electrical conductivity of cheaper transition
metal oxides necessitate improvements [15].
Over the past decade, mixed metal oxides such as Ni/Mn oxide,
Mn/Fe oxide as well as Mn/Ni/Co oxide have demonstrated
tremendous improvements in electrochemical performance [16–18].
Spinel ferrites, MFe2O4, (where M = Mn, Co or Ni) are fascinating
due to their impressive magnetic, electrical and optical properties
as well as their ability of exhibiting different redox states and elec-
trochemical stability [19–21]. The ferrospinel of general formula
M2+ [Fe3+]O42 possessing ferric ion in square bracket occupies
the octahedral position and the metal ion outside the bracket
occupies the tetrahedral site. M2+ represents the divalent ion such
as Mn2+, Zn2+, Co2+, Cu2+, Ni2+, etc. The breakthrough has been
achieved when it is discovered that ferrites exhibit high permeabil-
ity and the ability to exhibit several redox states which make
them suitable electrode materials for supercapacitors [22].
Subsequently, several studies have been performed on ferrite sys-
tems such as nickel ferrite, cobalt ferrite, manganese ferrite as well
346 B. Bhujun et al. / Results in Physics 7 (2017) 345–353as copper ferrite [23–25]. MnFe2O4 and NiFe2O4 are known to
demonstrate superior pseudocapacitance [26–28]. It is expected
that ferrite oxides (MFe2O4) may offer richer redox reactions,
including contributions from both M and Fe ions, than those of
the monometallic oxide. A promising approach to enhance the per-
formance is designing novel ferrite-based hybrids. Ferrite spinels
may also consist of a mixture of two divalent metal ions, in which
the ratio of these divalent ions may vary and are referred to as
mixed ferrites. The cation distribution of mixed ferrite significantly
affects the surface properties of ferrospinels making them catalyt-
ically active. Because of their small size and large number of
cations, for co-ordination sites, nanocrystallites are capable of
enhancing the rate of chemical reactions and are increasingly gain-
ing popularity as reactive nanocrystallites.
The preparation and electrochemical properties of CoFe2O4
nanomaterials have been reported by Deng et al. [29]. However,
it is noted that pure CoFe2O4 cannot be conductive to yield satisfac-
tory performance. A promising approach to improve the perfor-
mance is the design of novel CoFe2O4-based hybrids. Spinel–
nickel composites are also considered as attractive candidate for
supercapacitor applications due to high theoretical specific capac-
itance, well defined redox behaviour, low cost and environmental
benignity. Nickel ferrite (NiFe2O4), for instance, is an inverse spinel
whereby Ni2+ occupies the octahedral site and half of the Fe3+ ions
occupy the tetrahedral sites and is employed as anode material in
lithium-ion batteries due to excellent electrochemical properties
[30–33]. However, not a lot of research has been carried out on
NiFe2O4 as a pseudocapacitive candidate.
Mixed ternary transition metal ferrites, ABFe2O4, (where A and
B consist of a combination of Cu, Co or Ni) have not been explored
as a potential candidate for supercapacitors to the best of our
knowledge. Therefore, it is worthwhile investigating the suitability
of nanocomposites comprising of copper cobalt ferrite (CuCoF),
nickel cobalt ferrite (NiCoF) and nickel copper ferrite (NiCuF) in
the challenging field of supercapacitors as potential electrode
materials of high capacitance value. Furthermore, CuCoF, NiCoF
and NiCuF can be promising for supercapacitors since they are
inexpensive and innocuous materials.
The useful electrical properties of spinel ferrites are usually gov-
erned by the preparation conditions, chemical composition, sinter-
ing temperature, sintering time as well as doping additives [34].
Solution methods, in particular the sol–gel method, are employed
because of its good stoichiometric control and the production of
ultrafine particles in a relatively short processing time at lower
temperatures.
In this investigation, we report a facile sol–gel method for the
synthesis of mixed ternary transition metal ferrites (MTTMF) nota-
bly; copper cobalt ferrite (CuCoF), nickel cobalt ferrite (NiCoF) and
nickel copper ferrite (NiCuF) nanocomposites using citric acid as a
chelating agent. The synthesised nanocomposites are characterised
for structural and surface morphological properties. The superca-
pacitive behaviour has been studied in 1 M KOH using cyclic
voltammetry, galvanostatic charge discharge and AC impedance
techniques.Experimental
Materials
The starting materials were nitrates of copper, cobalt, nickel and
ferrite as well as citric acid, all of analytical grade fromMerck. Acti-
vated carbon (/CH-0020) was purchased from RHE resources, iso-
propyl alcohol was obtained from Merck and potassium hydroxide
(KOH) was purchased from R&M Chemicals. All chemicals were
used as received without further purification. Deionised (DI) water(>18.4 MX cm1) from the Millipore system was used throughout
the experiment.Synthesis of MTTMF nanomaterials
The MTTMF nanomaterials were synthesised via a facile sol–gel
method as illustrated in Fig. 1.
Stoichiometric amounts of metal nitrates (Table 1) were sepa-
rately dissolved in 80 ml of deionised water and 20 ml of iso-
propyl alcohol. Citric acid was then added to the prepared aqueous
solution to chelate the cations in the solution [35]. During this pro-
cedure, the solution was continuously stirred using an ultrasonic
sonicator (UP400S) at a frequency of 0.5 cycles and amplitude of
50% in order to ensure homogeneity in the solutions. The solution
mixture was then slowly evaporated on a magnetic stirrer at a
temperature of 125 C and speed of 150 rpm until a viscous gel
was formed.
The thick slurry obtained was poured into ceramic boats for
annealing in a tubular furnace. The dwell time and temperature
set points of the furnace were increased at a ramping rate of
20 C/min till 600 C in order to remove the water, nitrate and car-
bon contents in the nanocomposite [35].Sample characterisation
The surface characteristics and elemental composition of the
composites were analysed using a scanning electron microscope
(SEM) and energy dispersive spectroscopy (FEI Quanta-400 FESEM)
respectively. Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) of the precursor gel were carried out at a
heating rate of 10 C/min in static air. The X-ray diffraction (XRD)
patterns of the samples were observed by an X-ray diffractometer
(XRD) (Philip XRD) operated at 33 mA and 45 kV with Cu Ka radi-
ation (k = 1.54056 Å) in the range of 10–70 with step size 0.03.
N2 adsorption/desorption was determined by the Brunauer–Emm
ett–Teller (BET) measurements using an ASAP-2020 surface area
analyser. Infrared spectra (IR) for the gel precursor and the as-
burnt powder were recorded on a PE883 spectrophotometer from
400 to 4000 cm1 by the KBr pellet method.Fabrication of electrodes and electrochemical measurements
The working electrodes for the supercapacitor were prepared
using the following procedure: 70 wt.% of the synthesised nanoma-
terial were mixed with 20 wt.% of carbon black and 10 wt.% of
polyvinyldifluoride (PVDF) prior to being dispersed in N-methyl-
2-pyrrolidinone (NMP) to form a thick paste. The paste was then
coated onto a single side of nitric acid treated aluminium sheet
and dried at 70 C for 7 h in a vacuum oven. The total weight of
the active material in the electrode is usually 5 mg. For the fabri-
cation of the carbon electrode, activated carbon was mixed with
carbon black and PVDF in a mass ratio of 70:20:10 and a few drops
of NMP.
The asymmetrical supercapacitor cell was assembled in a two-
electrode configuration for the galvanostatic charge/discharge
analysis to an Arbin Instrument (BT-2000) using the MITS Pro
4.0512.12 software. Constant current densities ranging from 1 to
10 Ag1 have been employed for charging/discharging the cell in
the voltage range 0–1 V. The cyclic voltammetry and electrochem-
ical impedance spectroscopy (EIS) were also studied in a two-
electrode configuration using a VersaSTAT 3 (VE-400) electro-
chemical working station driven by the V3 studio version 1.0286
software. Cyclic voltammograms (CV) were recorded between 0
and 1 V w.r.t. reference electrode at a different scan rate (5–
Fig. 1. Schematic diagram of NiCuF nanocomposites prepared via a facile sol–gel synthesis.
Table 1
Weight of nitrate salts in synthesised nanomaterials.
Sample Compounds Stoichiometry Weight (g)
CuCoF Copper nitrate 0.5 1.208
Cobalt nitrate 0.5 1.455
Ferric nitrate 2 8.08
NiCoF Nickel nitrate 0.5 1.454
Cobalt nitrate 0.5 1.455
Ferric nitrate 2 8.08
NiCuF Nickel nitrate 0.5 1.454
Copper nitrate 0.5 1.208
Ferric nitrate 2 8.08
Fig. 2. Thermalgravimetric and differential thermal analyses of the NiCuF MTTMF
gel.
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electrolyte.
Based on the charge/discharge curve, the specific capacitance of
the supercapacitor cell (Csp, Fg1) can be calculated according to
the following equation [36]:
Csp ¼ 4 Iðdv=dtÞ m ð1Þ
where I (A) is the discharge current, dv/dt is the discharge slope
after the IR drop, andm (g) is the mass of active material in the elec-
trode. The multiplier of 4 is to adjust the capacitance of two elec-
trode cells to the capacitance of a single electrode.The coulombic
efficiency ‘g’ was evaluated using the following relation, where tc
and td are the time of charge and discharge respectively.
g ¼ td
tc
 100% ð2Þ
Electrochemical impedance spectra (EIS) were taken at open
circuit potential (OCP) over the frequency range 10 kHz–10 mHz
with a potential amplitude of 5 mV.Results and discussions
The dried nitrate–citrate gel was studied by thermal analysis
(DTA–TG). Fig. 2 shows the DTA and TGA plots of NiCuF nanocom-
posite formed from metal nitrates and citric acid with the molar
ratio of 1:1. The relatively sharp and intense exothermic peak in
the DTA curve at200 C of nitrate–citrate gel corresponds to reac-tion between the nitrate and citrate system. This indicates that the
composition of the gel occurs suddenly in a single step, as observed
in the other systems [37–39]. The weight reduction associated
with this exothermic reaction was approximately 90%. This is
mostly attributed to the removal of water steam, NO2 and CO2.
No further reactions take place at temperatures higher than
600 C indicating that the synthesis of the MTTMF is complete.
X-ray diffraction patterns of the different MTTMF compositions
(CuCoF, NiCoF and NiCuF) synthesised via sol–gel are shown in
Fig. 3(a). The samples show all the characteristic peaks of ferrite
material with most intense peak (311), which confirms the forma-
tion of cubic spinel structure. The results obtained by X-ray diffrac-
tion (XRD) are in good agreement with the JCPDS card (011-6755)
and (001-7006) [40,41]. The peaks at 2h values corresponding to
30.5, 33.5, 36, 43.5, 54, 57.5 and 63 can be indexed to
(220), (003), (311), (222), (400), (422), (511) and (440) crystal
planes respectively.
The XRD patterns for all these MTTMF nanocrystallites show
considerable broadening of the peaks, which is attributed to the
presence of very small crystallites. When such peak broadening
is observed in XRD patterns, the size of the crystallites can be cal-
culated by applying Scherrer’s formula based on the full width at
half maximum intensity of the (311) peak of the ferrite phase,
and they are listed in Table 3 [42].
Fig. 3. (a) X-ray diffraction patterns for the 3 MTTMF synthesised and (b) FESEM images of CuCoF, NiCoF and NiCuF at magnification of 20,000 and (c) EDS spectrum of
CuCoF, NiCoF and NiCuF.
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using the SEM micrographs which is shown in Fig. 3(b). The inter-
connection of the clusters creates macropores which allow the
transport of electrolyte, thereby creating large surface area for
redox reactions [43]. In addition to this, nanopores have been
observed on the surface of each cluster, with size varying from10 nm to 100 nm. These nanopores are useful since they provide
easy path for ion movement at the electrode–electrolyte interface.
The chemical composition of the composites were analysed by
an energy dispersive spectroscopy (EDS). The C, O, Cu, Co, Ni and
Fe peaks in Fig. 3(c) in the EDS spectrum depict the presence of car-
bon, oxygen, copper, cobalt, nickel and ferrite. Table 2 summarises
Table 2
Composition of the synthesised MTTMF obtained from EDS.
Sample Stoichiometric
composition
Copper
(wt.%)
Cobalt
(wt.%)
Nickel
(wt.%)
Iron
(wt.%)
Oxygen
(wt.%)
CuCoF Cu0.5Co0.5Fe2O4 14.74 15.84 32.10 31.50
NiCoF Ni0.5Co0.5Fe2O4 11.78 11.59 39.94 31.63
NiCuF Ni0.5Cu0.5Fe2O4 11.47 10.51 39.03 33.30
Table 3
Band values of the synthesised MTTMF nanocomposites.
Sample Crystallite size
(nm)a
Surface area
(m2 g1)b
v1 (cm1)c v2 (cm1)c
CuCoF 8.64 13.6 566 488
NiCoF 17.3 11.3 591 487
NiCuF 7.21 9.21 597 492
a Calculated using Scherrer’s formula on the diffraction peak of maximum
intensity.
b From BET equation.
c v1 and v2 bands obtained from FTIR analysis.
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thesised ferrite nanomaterials, therefore confirming the purity of
the nanomaterials.
FTIR analysis
FTIR spectra of the synthesised ferrite nanomaterials are pre-
sented in Fig. 4. Vibrations of ions in the crystal lattice are usually
observed in the range of 4000–400 cm1 [44]. The higher fre-
quency band (v1) (555–600 cm1) and lower frequency band (v2)
(480–495 cm1) are assigned to the tetrahedral and octahedral
complexes of spinel ferrites [45]. The limitations of our FTIR instru-
ment do not allow the clear detection of bands below 400 cm1.
Owing to the high temperature generated during combustion pro-
cess all the carboxyl, hydroxyl and nitrate groups get eliminated
totally. The presence of long shoulder for the A-site is indicative
of the presence of other ionic states in that site [46]. The adsorp-
tion bands observed at 3440 and 2480 cm1 indicate the pres-
ence of adsorbed water on the surface of the ferrite
nanoparticles. The m1 and v2 band values of the MTTMF nanocom-
posites are summarised in Table 3. In the present spectrum, v1
band appeared between 560 and 600 cm1. These strong absorp-
tion bands are typical of inverse spinel ferrites [46].
Fig. 5 shows the N2 adsorption–desorption isotherm of the syn-
thesised spinel ferrites to present its specific textural properties. In
terms of shape, the isotherm can be classified as type IV according
to the IUPAC classification. The narrow hysteresis loop at a low rel-
ative pressure indicates that the porous structure is quite open and
there is no significant delay in the capillary evaporation with
respect to the capillary condensation of nitrogen. A distinct hys-
teresis loop can be observed in the larger range of 0.7–1.0 P/P0,
indicating the presence of macropores. The BET surface area of
the 3 synthesised MTTMF nanocomposites are shown in Table 3.
The surface area follows the order as: CuCoF > NiCoF > NiCuF
[47,48].
The cyclic voltammograms (CV) tests were carried out within a
potential range of 1 to 1 V with scan rates varying from 5 to
100 mV s1 using 1 M KOH electrolyte. Fig. 6(a) illustrates the CVFig. 4. FTIR spectra of (i) CuCoF, (ii) Nicurves of Cu0.5Co0.5Fe2O4, Ni0.5Co0.5Fe2O4 and Ni0.5Cu0.5Fe2O4
recorded at a scan rate of 10 mV s1 in a 1 M KOH aqueous elec-
trolyte. The CV profile clearly indicates the capacitive behaviour
with almost an ideal rectangular shape, indicating a reversible sys-
tem. The specific capacitances calculated from the area of the
curves were found to be 221 Fg1, 60 Fg1 and 16.9 Fg1 for Cu0.5-
Co0.5Fe2O4, Ni0.5Co0.5Fe2O4 and Ni0.5Cu0.5Fe2O4 at a scan rate of
5 mV s1. In order to get more information on the electrochemical
behaviour of the synthesised nanostructured Cu0.5Co0.5Fe2O4, CV
characterisations were done at different scan rates starting from
5 to 100 mV s1 and the results are shown in Fig. 6(b). It was found
that, the area under curves was slowly increased with the scan
rate. This shows that the CV currents are directly proportional to
the scan rates of CV, which demonstrates that, an ideal capacitive
behaviour [49].
The specific capacitance (Cs) is obtained from the CV curves
according to Eq. (3) and is tabulated in Table 4:
Cs ¼ 2Iv m ð3Þ
where I, m and m are of the single electrode respectively.
An effect of scan rate on specific capacitance has been studied
and is illustrated in Fig. 6(c). The decreasing trend of the capaci-
tance suggests that the parts of the surface of electrode are inac-
cessible at a high charging–discharging rate. Hence, the specific
capacitance obtained at the slowest scan rate is believed to be close
to that of full utilisation of the electrode material [20]. Lower scan
rates enable more time for protons to access the bulk of the oxide.
The cycle life (stability) of the MTTMF electrodes in 1.0 M KOH
was tested by CV. There is a decrease in the current under curve
after 1000 cycles (Fig. 6(d)). The specific capacitance values also
decrease with the increasing number of cycles due to the loss of
active material in the electrodes [50]. Fig. 6(d) illustrates the speci-
fic capacitance retention of the 3 MTTMF electrodes afterCoF and (iii) NiCuF nanoparticles.
Fig. 5. N2 adsorption–desorption isotherms of CuCoF, NiCoF and NiCuF.
350 B. Bhujun et al. / Results in Physics 7 (2017) 345–3531000 voltammograms. NiCuF retained the highest specific capaci-
tance after 1000 cycles. In terms of performance, CuCoF demon-
strates the highest specific capacitance after the 1st and 1000th
cycles.
Galvanostatic charge–discharge analyses were performed by
applying a series of charging and discharging currents to the super-
capacitors and recording the voltage response.
Fig. 7(a) illustrates typical charge–discharge curves of MTTMF
nanocomposite at a current density of 1 Ag1 with a voltage
between 0 and 1 V. Energy losses arising from internal or equiva-
lent series resistance is indicated by the IR drop at the turning
point of the charge and discharge curves, as seen in Fig. 7(a) [51].
CuCoF has the least internal resistance and therefore demonstrates
the highest specific capacitance as opposed to the other MTTMF-
based supercapacitor electrodes. These findings support the speci-
fic capacitances calculated from the CV curves earlier (Fig. 6). IR
drop observed in the galvanostatic charge–discharge curves may
be attributed to the internal resistance of the electrodes [52].
In general, specific capacitance decreases gradually with
increasing discharge current density as a result of increasing IR
drops. Fig. 7(b) illustrates the galvanostatic charge–discharge mea-
surements of the CuCoF electrode at varying current densities of 1,
2, 3, 4, 5 and 10 Ag1 under an applied potential of 1 V. The charge–
discharge curves of the CuCoF electrode exhibits near linear and
almost-symmetrical triangles which suggest good capacitive per-
formance as well as excellent reversibility [27]. The curves have
negligible IR drop which indicates low resistance and appropriate
contact between the collectors and the electrode material. The lack
of straight lines in the discharge curves suggest both double-layer
and redox capacitance arising from the asymmetrical carbon and
MTTMF supercapacitor [53].
To the best of our knowledge, Coulombic efficiency as well as
electrochemical stability are considered to be key requirements
in the evaluation of supercapacitors for practical applications.
Besides, it is well-known that the ideal energy storage devices
should be able to deliver the same energy under any operation
conditions. As a result, it is vital to study the specific capacitance
retention and Coulombic efficiency at a higher current density.
The specific capacitance and the coulomb efficiency (g) as a func-
tion of current density CuCoF are shown in Fig. 7(c). It is apparent
that the decrease in specific capacitance for the CuCoF electrode isvery low (5%) in the range of current density 5–10 Ag1 com-
pared to current density <5 Ag1. At first coulomb efficiency
(50%) is found to be low at low discharge current density (i.e.
at 1 Ag1). However, the coulomb efficiency increases with increas-
ing discharge current density on 2 Ag1 onwards (60%) and
reaches a maximum value of 85% at 10 Ag1. The high coulombic
efficiency indicates that fewer energy wastes occur during the
charge/discharge processes at high current densities (10 Ag1)
[54].
The cycle life of the 3 MTTMF electrode supercapacitors was
examined for over 200 cycles at a constant current density of
1 Ag1. Fig. 7(d) shows the variation of specific capacitance as a
function of cycle number (cycled between 0 and 1 V). The capaci-
tive retention of the MTTMF electrodes are as follows: CuCoF > Ni-
CoF > NiCuF. There is a small decrease in specific capacitance
(10%) over first 100 cycles for CuCoF following which the inability
to retain charge over subsequent cycles is more apparent.
Power density and energy density are two important parame-
ters in evaluating the electrochemical performance of the superca-
pacitors and the electrode materials. In order to further investigate
the electrochemical performance of the MTTMF-based electrodes,
these two parameters of the asymmetric supercapacitor were esti-
mated. Table 5 displays the energy and power densities of the 3
MTTMF supercapacitors calculated from the galvanostatic
charge–discharge curves at a current density of 1 Ag1. The specific
capacitance obtained from the charge–discharge curves are in
accord with those obtained from the CV curves (Table 4). The aver-
age energy density (E) and power density (P) of the electrochemical
capacitors were calculated using the following equations [51]:
E ¼ 1000Cs  DV
2
2 3600 ð4ÞP ¼ E 3600
Dt
ð5Þ
where E corresponds to the energy density of the electrode
(Wh kg1), P refers to the power density (kW kg1), Cs is the specific
capacitance of the supercapacitor (Fg1), Dt (s) is the time for a
sweep segment and DV indicates the voltage range for one sweep
segment.
Fig. 6. Cyclic voltammograms of (a) CuCoF, NiCoF and NiCuF at a scan rate of 100 mV s1, (b) CuCoF at different scan rates in the range of 5–100 mV s1, (c) variation of
specific capacitance at varying scan rates, (d) CV curves of 1st and 1000th cycles for CuCoF and (e) specific capacitance of the 3 MTTMF nanocomposites after 1000 cycles.
Table 4
Specific capacitance from CV curves of the MTTMF nanocomposites.
Electrode material Scan rate (mV s1) Specific capacitance (Fg1)
CuCoF 5 221.1
10 103.9
50 50.0
100 37.6
NiCoF 5 60.0
10 46.7
50 34.3
100 25.5
NiCuF 5 16.9
10 8.39
50 9.13
100 6.53
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in the frequency range [55]. In order to investigate the frequency
response of the MTTMF electrodes, electrochemical impedancespectroscopy (EIS) measurements were carried out in a frequency
range of 100 kHz–10 mHz with a potential amplitude of 5 mV.
The Nyquist plots which consist of two frequency regions (a high
frequency region represented by a semicircle which indicates the
transfer of charges occurring at the electrode/electrolyte interface
and the low frequency region distinguished by a straight line sug-
gesting the diffusion of ions in the electrolyte) for the MTTMF elec-
trodes are illustrated in Fig. 8(a) [56]. The EIS data were analysed
using Nyquist plots and each data point corresponds to a different
frequency. The intercept of the semi-circle with real axis (Z0) at
high frequencies is the measure of equivalent series resistance
(ESR) which may be due to (i) ionic resistance of the solution or
electrolyte, (ii) intrinsic resistance of the active electrode materials
and (iii) interfacial resistance between the electrode and current
collector [57–59]. The origin of the semi-circle at a higher fre-
quency range is due to ionic charge transfer resistance (Rct) at
the electrode–electrolyte interface and is given by the diameter
of the semi-circle along the real axis (Z0) [60]. The ESR and charge
transfer resistance obtained from the Nyquist plot (Fig. 8(a)) are
shown in Table 5.
Fig. 7. Charge–discharge curves of (a) CuCoF, NiCoF and NiCuF at a current density of 1 Ag1, (b) charge–discharge curves of CuCoF at varying current densities (1, 2, 3, 4, 5
and 10 Ag1), (c) plots of coulomb efficiency and specific capacitance of CuCoF as a function of current density, (d) cycling test for the MTTMF nanocomposites at a current
density of 1 Ag1 up to 200 cycles.
Table 5
Electrochemical performance of MTTMF electrodes.
Samples ESR
(X)
Rct
(X)
Specific
capacitance
(Fg1)
Energy density
(Wh kg1)
Power density
(kW kg1)
CuCoF 1.66 5.14 76.9 7.90 1711.95
NiCoF 1.63 4.70 50.0 4.79 1426.23
NiCuF 1.61 1.97 44 4.62 1001.99
352 B. Bhujun et al. / Results in Physics 7 (2017) 345–353The ESR and Rct values of the supercapacitors decrease in the
order of CuCoF > NiCoF > NiCuF. At a low frequency, all the elec-
trode composites exhibit a line with a slope close to 90. The slope
of CuCoF nanocomposite is much closer to 90 than others, indicat-
ing better capacitance behaviour which is consistent with the
results of CV. Moreover, NiCuF possesses the lowest semicircle
region, indicating that it exhibits the lowest resistance. The elec-
trochemical properties of MTTMF nanocomposites may be attribu-Fig. 8. (a) Nyquist plots of CuCoF, NiCoF and NiCuF and (ted to the synergistic effects of the multiple components. Fig. 8(b)
shows the positions of the MTTMF-based supercapacitors on the
Ragone plot. CuCoF demonstrates the highest specific capacitance
as opposed to NiCoF and NiCuF. This is explained by the smaller
ionic radius of the elements in CuCoF compound which increases
surface area and eventually enhances charge storage in superca-
pacitor electrode materials. Further studies to improve the capaci-
tance and power density of MTTMF nanomaterials through
aluminium doping are in progress.Conclusion
Novel MTTMF nanocomposites have been well-designed and
synthesised via a facile sol–gel method and investigated as poten-
tial materials for supercapacitor electrodes. The structural and
electrochemical properties of the MTTMF nanomaterials have been
comprehensively studied. The XRD analysis confirmed the forma-b) Ragone plot of the MTTMF-based supercapacitors.
B. Bhujun et al. / Results in Physics 7 (2017) 345–353 353tion of a single-phase spinel ferrite. SEM micrographs showed a
porous structure with micropores that enable transfer of elec-
trolyte ions. The electrochemical study revealed that the highest
specific capacitance of 221 Fg1 was achieved with CuCoF at a scan
rate of 5 mV s1 with an energy density of 7.9 Wh kg1 at a power
density of 1711 kW kg1. Future work involves doping of the
MTTMF nanomaterials with aluminium in order to enhance their
electrochemical properties in supercapacitor application. We hope
that this work can open up new possibilities for exploring novel
MTTMF electrode materials and their practical application in
energy storage.References
[1] Hou Y et al. Design and synthesis of hierarchical MnO2 nanospheres/carbon
nanotubes/conducting polymer ternary composite for high performance
electrochemical electrodes. Nano Lett 2010;10(7):2727–33.
[2] Zhang L, Shi G. Preparation of highly conductive graphene hydrogels for
fabricating supercapacitors with high rate capability. J Phys Chem C 2011;115
(34):17206–12.
[3] Conway BE. Electrochemical supercapacitors: scientific fundamentals and
technological applications. US: Springer; 2013.
[4] Calvo EG et al. Exploring new routes in the synthesis of carbon xerogels for
their application in electric double-layer capacitors. Energy Fuels 2010;24
(6):3334–9.
[5] Meher SK, Justin P, Rao GR. Microwave-mediated synthesis for improved
morphology and pseudocapacitance performance of nickel oxide. ACS Appl
Mater Interface 2011;3(6):2063–73.
[6] Suppes GM, Deore BA, Freund MS. Porous conducting polymer/
heteropolyoxometalate hybrid material for electrochemical supercapacitor
applications. Langmuir 2008;24(3):1064–9.
[7] He YB et al. Single-crystal ZnO nanorod/amorphous and nanoporous metal
oxide shell composites: controllable electrochemical synthesis and enhanced
supercapacitor performances. Energy Environ Sci 2011;4(4):1288–92.
[8] Liang K, Tang X, Hu W. High-performance three-dimensional nanoporous NiO
film as a supercapacitor electrode. J Mater Chem 2012;22(22):11062–7.
[9] Tummala R, Guduru RK, Mohanty PS. Nanostructured Co3O4 electrodes for
supercapacitor applications from plasma spray technique. J Power Sources
2012;209:44–51.
[10] Zhao X, Johnston C, Grant PS. A novel hybrid supercapacitor with a carbon
nanotube cathode and an iron oxide/carbon nanotube composite anode. J.
Mater. Chem. 2009;19(46):8755–60.
[11] Pico F et al. Understanding RuO2xH2O/carbon nanofibre composites as
supercapacitor electrodes. J Power Sources 2008;176(1):417–25.
[12] Gao H et al. High-performance asymmetric supercapacitor based on graphene
hydrogel and nanostructured MnO2. ACS Appl Mater Interface 2012;4
(5):2801–10.
[13] Zhao X et al. Incorporation of manganese dioxide within ultraporous activated
graphene for high-performance electrochemical capacitors. ACS Nano 2012;6
(6):5404–12.
[14] Qu QT et al. V2O50.6H2O nanoribbons as cathode material for asymmetric
supercapacitor in K2SO4 solution. Electrochem Commun 2009;11(6):1325–8.
[15] Yan J et al. Facile coating of manganese oxide on tin oxide nanowires with
high-performance capacitive behavior. ACS Nano 2010;4(7):4247–55.
[16] Jiang H et al. High-performance supercapacitor material based on Ni(OH)2
nanowire-MnO2 nanoflakes core-shell nanostructures. Chem Commun
2012;48(20):2606–8.
[17] Lee M-T et al. Annealed Mn–Fe binary oxides for supercapacitor applications. J
Power Sources 2008;185(2):1550–6.
[18] Chang S-K et al. Structural and electrochemical properties of manganese
substituted nickel cobaltite for supercapacitor application. Electrochim Acta
2012;67:67–72.
[19] Sun S et al. Monodisperse MFe2O4 (M = Fe Co, Mn) nanoparticles. J Am Chem
Soc 2004;126(1):273–9.
[20] Lokhande CD, Dubal DP, Joo O-S. Metal oxide thin film based supercapacitors.
Curr Appl Phys 2011;11(3):255–70.
[21] Gunjakar JL et al. Chemical synthesis of spinel nickel ferrite (NiFe2O4) nano-
sheets. Appl Surf Sci 2008;254(18):5844–8.
[22] Ravinder D, Ramana Reddy AV. Electrical transport properties of zinc-
substituted manganese ferrites. Mater Lett 1999;38(4):265–9.
[23] Chae S-Y, Yadav JB, Joo O-S. Electrospray-deposited nickel ferrite thin film
electrode for hydrogen production in PV-assisted water electrolysis system.
Int J Energy Res 2012;36(10):1044–50.
[24] Varma PCR et al. Magnetic properties of CoFe2O4 synthesized by solid state,
citrate precursor and polymerized complex methods: a comparative study. J
Alloy Compd 2008;453(1–2):298–303.
[25] Kuo S-L, Lee J-F, Wu N-L. Study on pseudocapacitance mechanism of aqueous
MnFe2O4 supercapacitor. J Electrochem Soc 2007;154(1):A34–8.
[26] Kuo SL, Wu NL. Electrochemical capacitor of MnFe2O4 with NaCl electrolyte.
Electrochem Solid-State Lett 2005;8(10):A495–9.[27] Sen P, De A. Electrochemical performances of poly(3,4-
ethylenedioxythiophene)–NiFe2O4 nanocomposite as electrode for
supercapacitor. Electrochim Acta 2010;55(16):4677–84.
[28] Lapham DP, Tseung ACC. The effect of firing temperature, preparation
technique and composition on the electrical properties of the nickel cobalt
oxide series NixCo1xOy. J Mater Sci 2004;39(1):251–64.
[29] Deng DH et al. Fabrication of cobalt ferrite nanostructures and comparison of
their electrochemical properties. Cryst Res Technol 2012;47(10):1032–8.
[30] Anwar S et al. A comparative study of electrochemical capacitive behavior of
NiFe2O4 synthesized by different routes. J Electrochem Soc 2011;158(8):
A976–81.
[31] Fu Y et al. Nickel ferrite–graphene heteroarchitectures: toward high-
performance anode materials for lithium-ion batteries. J Power Sources
2012;213:338–42.
[32] Vidal-Abarca C, Lavela P, Tirado JL. Theorigin of capacity fading in NiFe2O4
conversion electrodes for lithium ion batteries unfolded by 57fe mössbauer
spectroscopy. J Phys Chem C 2010;114(29):12828–32.
[33] Cherian CT et al. Morphologically robust NiFe2O4 nanofibers as high capacity
Li-Ion battery anode material. ACS Appl Mater Interface 2013;5(20):9957–63.
[34] Kolekar CB et al. Effect of Gd3+ substitution on dielectric behaviour of copper-
cadmium ferrites. J Mater Sci 1995;30(22):5784–8.
[35] Haijun Z, Xi Y, Liangying Z. The preparation and microwave properties of
Ba3ZnZCo2ZFe24O41 ferrite by citrate sol–gel process. Mater Sci Eng B 2001;84
(3):252–7.
[36] Hulicova-Jurcakova D et al. Highly stable performance of supercapacitors from
phosphorus-enriched carbons. J Am Chem Soc 2009;131(14):5026–7.
[37] Yue Z et al. Preparation and characterization of NiCuZn ferrite nanocrystalline
powders by auto-combustion of nitrate–citrate gels. Mater Sci Eng B 1999;64
(1):68–72.
[38] Chakrabarti N, Maiti HS. Chemical synthesis of PZT powder by auto-
combustion of citrate-nitrate gel. Mater Lett 1997;30(2–3):169–73.
[39] Yue Z et al. Synthesis of nanocrystalline NiCuZn ferrite powders by sol–gel
auto-combustion method. J Magn Magn Mater 2000;208(1–2):55–60.
[40] Subramanyam KN. Neutron and X-ray diffraction studies of certain doped
nickel ferrites. J Phys C: Solid State Phys 1971;4(15).
[41] Singhal S et al. Preparation and characterization of nanosize nickel-substituted
cobalt ferrites (Co1xNixFe2O4). J Solid State Chem 2005;178(10):3183–9.
[42] Patterson AL. The Scherrer formula for X-ray particle size determination. Phys
Rev 1939;56(10):978–82.
[43] Jiang H et al. Hierarchical self-assembly of ultrathin nickel hydroxide
nanoflakes for high-performance supercapacitors. J Mater Chem 2011;21
(11):3818–23.
[44] Brabers VAM. Infrared spectra of cubic and tetragonal manganese ferrites.
Phys Status Solidi (b) 1969;33(2):563–72.
[45] Modi KB, Chhantbar MC, Joshi HH. Study of elastic behaviour of magnesium
ferri aluminates. Ceram Int 2006;32(2):111–4.
[46] Pradeep A, Priyadharsini P, Chandrasekaran G. Sol–gel route of synthesis of
nanoparticles of MgFe2O4 and XRD, FTIR and VSM study. J Magn Magn Mater
2008;320(21):2774–9.
[47] Matos JR et al. Ordered mesoporous silica with large cage-like pores: structural
identification and pore connectivity design by controlling the synthesis
temperature and time. J Am Chem Soc 2003;125(3):821–9.
[48] Grosso D et al. Nanocrystalline transition-metal oxide spheres with controlled
multi-scale porosity. Adv Funct Mater 2003;13(1):37–42.
[49] Gujar TP et al. Electrochemically deposited nanograin ruthenium oxide as a
pseudocapacitive electrode. Int J Electrochem Sci 2007;2(9):666–73.
[50] Kandalkar SG, Gunjakar JL, Lokhande CD. Preparation of cobalt oxide thin films
and its use in supercapacitor application. Appl Surf Sci 2008;254(17):5540–4.
[51] Fan Z et al. Asymmetric supercapacitors based on graphene/MnO2 and
activated carbon nanofiber electrodes with high power and energy density.
Adv Funct Mater 2011;21(12):2366–75.
[52] Stoller Meryl D, Ruoff Rodney S. Best practice methods for determining an
electrode material’s performance for ultracapacitors. R Soc Chem
2010;3:1294–301.
[53] Wang Y-G, Wang Z-D, Xia Y-Y. An asymmetric supercapacitor using RuO2/TiO2
nanotube composite and activated carbon electrodes. Electrochim Acta
2005;50(28):5641–6.
[54] Wang W et al. Ternary nitrogen-doped graphene/nickel ferrite/polyaniline
nanocomposites for high-performance supercapacitors. J Power Sources
2014;269:250–9.
[55] Ganesh V, Pitchumani S, Lakshminarayanan V. New symmetric and
asymmetric supercapacitors based on high surface area porous nickel and
activated carbon. J Power Sources 2006;158(2):1523–32.
[56] Li N, Shan D, Xue H. Electrochemical synthesis and characterization of poly
(pyrrole-co-tetrahydrofuran) conducting copolymer. Eur Polymer J 2007;43
(6):2532–9.
[57] Yuan YF et al. Nickel foam-supported porous Ni(OH)2/NiOOH composite film
as advanced pseudocapacitor material. Electrochim Acta 2011;56(6):2627–32.
[58] Huang ML et al. NiO nanoflakes grown on porous graphene frameworks as
advanced electrochemical pseudocapacitor materials. J Power Sources
2014;259:98–105.
[59] Kalpana D et al. Recycled waste paper—a new source of raw material for
electric double-layer capacitors. J Power Sources 2009;190(2):587–91.
[60] Ren X, Pickup PG. An impedance study of electron transport and electron
transfer in composite polypyrrole + polystyrenesulfonate films. J Electroanal
Chem 1997;420(1–2):251–7.
